We simulate scalar mixing and chemical reactions using the lattice Boltzmann method. Simulations of initially non-premixed binary mixtures yield scalar probability distribution functions that are in good agreement with direct numerical simulation of NavierStokes equation data. One-dimensional chemically-reacting ow simulation of a premixed mixture yields a ame speed that is consistent with experimentally determined value. These results serve to establish the feasibility of the lattice Boltzmann method as a viable tool for computing turbulent combustion.
Introduction
The lattice Boltzmann equation LBE method is emerging as a physically accurate and computationally viable tool for simulating laminar and turbulent o ws. 1, 7 On the theoretical front, rigorous mathematical proof now exists demonstrating that the lattice Boltzmann method LBM is a special nite di erence scheme of the Boltzmann equation that governs all uid ows. 4 Recall that the Navier-Stokes equation also has its basis in the Boltzmann equation. It has also been shown that LBM can be related to some conventional computational uid dynamics methods and the proof brings to light the advantages of the LBM. 8; 9 Detailed numerical studies with the LBM demonstrate the physical accuracy and computational viability for solving complex uid ow problems. 2; 3; 10; 11 With few notable exceptions, the LBM has been so far used mostly for singlecomponent, inert and isothermal ows. In this paper, we simulate scalar mixing in a m ulti-component o w a n d a c hemical reacting ow using the lattice Boltzmann computational approach. At the continuum level, the mixing example considered appears as a pure di usion problem without any advection velocities. However, at the mesoscopic level, each of the components is associated with non-zero velocities. Hence, the problem considered is truly more signi cant than simple passive scalar mixing. Due to the kinetic nature of the LBE scheme, the extension of this method to cases with non-trivial macroscopic velocity eld is straight forward. The second problem considered is one-dimensional ame propagation in a well-stirred homogeneous mixture of propane and air. The ame speed calculated using the LBM is in good agreement with experimental data. This problem is very similar to the one solved by Y amamoto 15 but with a sightly di erent p h ysical eld. The overall results are encouraging and establish the feasibility of the LBM as a viable computational approach for simulating mixing and reaction.
The remainder of the paper is organized as follows. In Section 2, the lattice Boltzmann equations used in the simulations are presented. The results from the mixing and reacting simulations are presented in Section 3. We conclude in Section 4 with a brief discussion. Details of the physical parameters used in the reacting ow simulation are presented in Appendix A.
For an introduction to the LBM, the reader is referred to a recent review by Chen and Doolen. 10 
Lattice Boltzmann Equations
The basic LBE 1 for a single-component medium consists of two basic steps: collision and advection. The particle distribution function is thermalized locally through collision processes and advection to the closest neighboring sites occurs according to a small set of discrete particle velocities. The LBE proposed here is the lattice Boltzmann scheme with BGK approximation 12; 13 n x + e t ; t + t = n x; t , 1 n x; t , n eq x; t 1 where n is the number density distribution function with discrete velocity e , n eq is the equilibrium distribution function and is the relaxation time towards equilibrium which determines the viscosity. The time-step size is t , which is the time taken for the advection process to be completed. For the sake of simplicity without losing generality, w e adopt the nine-velocity model D2Q9, as shown in Fig. 1 where m is the molecular weight.
Lattice Boltzmann equations for scalar mixing
Consider a multi-species eld: n denotes the number density distribution function of a particular species with discrete velocity e , = 1; 2; 3; . The number density and molecular weight of species are given respectively by n and m . 
Lattice Boltzmann Equations for Reacting ow
Here we simulate simple one-dimensional ame propagation through a premixed mixture of propane and air. The problem studied is identical to that of Yamamoto 15 but the physical combustion eld is sightly di erent. and the over-all reaction rate is given by ! ov = ov C C3H8 C O2 e ,E=RT where C C3H8 , C O2 , ov and E are concentrations of fuel propane and oxygen, reaction coe cient and e ective activation energy respectively. In a reacting ow, the state of the uid at any given point in space and time can be completely speci ed in terms of uid velocity, composition vector either in terms of mass fraction or concentration and temperature. We will need to develop the LBE for all these variables. For generating a background ow, the conventional LBM sub-steps of collision relaxation and streaming convection are used. However for the temperature and concentration elds, there is an extra sub-step between collision and streaming sub-steps to account for reaction. This is identical to the time-splitting approach used in continuum methods for chemically reacting ows. As mentioned in the introduction, the primary objective of this work is to investigate the ability of the LBM to simulate scalar mixing, chemical reaction and ultimately turbulent combustion. Working towards this end, we perform simulations of two unit problems: one to establish the mixing characteristics and another to demonstrate the chemical reaction scheme.
Non-premixed binary scalar mixing
This problem epitomizes the scalar mixing issues encountered in a typical nonpremixed combustion application. Two species presumably fuel and oxidizer are initially segregated and randomly distributed in the computational domain which in the present case is a square box. Mesh size is set 500 500. The two species are generically labelled as black and white. A typical initial distribution is shown in Figure 2 . The lattice Boltzmann methodology permits simulation of mixing between species of equal or unequal number and mass densities with equal facility. However, in continuum based methods, mixing between species of unequal mass densities is not straight-forward. This represents a fundamental advantage of the LBM over continuum-based methods.
Equal mass case m b = m w = 1:0. The rst case studied is mixing of two uids of equal molecular weights and number densities, hence of equal mass density. This case is particularly interesting as the results can be directly compared with directed numerical simulation DNS of Navier-stokes equation data of Eswaran and Pope. 16 In this case, the number density and mass density are equivalent since the molecular weight of the two species are identical. Figure 3a shows the time evolution of the probability density functionpdf of scalar :
The corresponding DNS 16 data is shown in Figure 3b . The LBE and DNS data show excellent qualitative agreement. In particular, the change of the pdf shape from the initial double-delta shape through a nearly uniform distribution to, nally, a Gaussian-like distribution is well captured by the LBE results. It deserves mention here that many other mixing models do not, even qualitatively, capture the form of pdf during evolution.
In Figure 4 , the time evolution of the root-mean-square rms of scalar uctuations 0 obtained from LBE is compared with that from DNS: where hi implies volume-averaged value. The relaxation time-constant has been chosen to yield the best agreement. For the optimal time-constant, the agreement is again excellent. In ongoing work, we attempt to accurately characterize the relationship between the time-constant and di usion coe cient. 14 Here, it su ces to say that given the right time-constant, the LBE captures the DNS behavior well, qualitatively and quantitatively.
Unequal mass case m b = 2:0; m w = 1:0. The unequal mass case is particularly interesting since it represents a more practical problem, mixing between species of unequal mass densities. In this case, the initial distribution of black and white species is similar to the equal mass case. Thus the average number density o f black and white species are identical. However, the molecular weight of the black species is twice that of the white species. Hence, the macroscopic mass density o f the black species is twice that of the white species. The precise de nition of the mass density used here is independent entities. The evolution of both these quantities are investigated. In Figure 5 , the mass density evolution is given for both species. The mass density goes from an initial double-delta shape to a Gaussian-like shape centered around the global average of the respective density. The nal pdf shape for each species is clearly not symmetric. This is easily understood since the overall average density of the black species is twice that of the white species.
In Figure 6 , the number density e v olution is shown. Since the average number density is identical for both species, the nal pdf distribution is symmetric about the mean value for each species. However, the intermediate forms of the pdf are quite nonsymmetric, demonstrating that the mixing process in this case is quite di erent from the equal-mass case even if the nal distributions are similar. A detailed study of the physics of mixing between species of unequal mass-densities will be undertaken later.
Reacting ow in a 1-D channel
In this example, we study the ability of LBM to simulate chemical reaction. The simplest non-trivial case when reaction can be studied without the complicating e ects of mixing is the case of 1-D ame propagation through a homogeneous premixed mixture. Schematic of the ow simulated is shown in Figure 7 . For this simple case, the background ow generated from Eq. 18 maintains both the pressure and velocity elds uniform in space and time. A heat source is placed at a location close to the inlet to ignite the mixture. Once ignition is achieved, the heat source is removed. At subsequent times the ame propagates to the right. Initial conditions are set as following:
The values of pressure and velocity are set at p = 1 , u x = u in = 0 :1, u y = 0 :0. In Figure 8 , the ame position is shown as a function of time. The ame location is identi ed as the position with the highest reaction rate at any given time. The linear variation of ame location with time in Figure 8 indicates that the ame propagates at a nearly constant rate. This ame speed can be easily estimated from knowing the ame position at initial t i = 0 ; x f l = 50 and nal t f = 4000; x f l = 406 times. The ame speed thus calculated is v f = x f l t f , x f l t i t f , t i = 406 , 50 4000 , 0 = 0 :0089 in lattice units. Knowing the ame speed, the burning velocity can be easily determined:
S L = u in , v f
In the above, u in is the reactant v elocity at the inlet which is maintained uniform throughout the ow-eld. The burning velocity thus obtained will be in lattice Figure 9 shows that the reaction rate pro le in the reaction zone as time evolves. Simulations indicate that ame behavior is sensitive to the magnitude of the heat source.
Conclusions
In this paper, we simulate scalar mixing and chemical reacting ows using LBM. In the case of equal-density species mixing, well known results from continuum Navierstokes simulation are reproduced. The true advantage of the LBM can be seen from the mixing simulations of species of di erent molecular weights. The results appear quite encouraging. Such simulations are very di cult with continuum based methods. The premixed reacting ow simulations also produce results that are in good agreement with known data. Based on these simulations, we conclude that LBM can perform adequately for more complicated turbulent combustion simulations.
